Abstract-Beside the mechanisms such as ABS and airbag, energy absorbers are one of the most important structures which can protect occupants during impact collisions. In this paper, the purpose concerns the crashworthiness of the widely used vehicle structure, circular metallic thinwalled tubes. For improving crashworthiness parameters and using benefits of metal and composite with together, metallic tube wrapped by composite. An experimental investigation was carried out to study the energy absorption characteristics of this structure subjected to quasi-static axial loading. Different number of composite layer and fiber orientation made of E-glass direct roving and polyester resin investigated to develop the optimum structural members.
INTRODUCTION
Due to increasing the population of the world and increasing the demand of vehicles as a result, the financial investment is being more in transport technology and pertaining to this there has been a noticeable increase in the number of transportation vehicles in society. This has resulted in a greater number of accidents, casualties due to impact collisions of one form or another. Due to these, the safety aspect of transportation has become one of the most important concerns which societies, scientists and engineers are attempting to improve it.
On the other hand every day the price of the fuel and the requirement of the fuel are increasing randomly. Composite materials may find the exciting opportunity in the automotive industry as a means of increasing fuel efficiency. With 75 percent of fuel consumption relating directly to vehicle weight, the automotive industry can expect an impressive 6 to 8 percent improvement in fuel usage with mere 10 percent reduction in vehicle weight. This translates into reduction of around 20 kilogram of carbon dioxide per kilogram of weight reduction over vehicle's lifetime [1] .
But uses of composites have a significant problem especially for the parts which are versus the high load that limit their crashworthiness capability parameters and crush efficiency. While metal structure collapse under crush or impact by buckling and folding which involves extensive plastic deformation, composites fail in a brittle mode through a sequence of fracture mechanisms. Application of metal with composite could be a good solution for catching the benefits of both.
A. Energy Absorber Definition
Energy absorber is a structure which its function is to absorb kinetic energy upon impact and dissipate it in some other form of energy, ideally in an irreversible manner. Nonrecoverable (inelastic) energy can exist in various forms such as plastic deformation, viscous energy and friction or fracture energy [2] .
B. Application of Thin-Walled Structures as an Energy Absorber
The key structural components and frames of the majority of transportation vehicles for the sea, land and air are designed as thin-walled structures. Thin-walled tubes made from various ductile materials have been used prevalently as collapsible energy absorbers in structural crashworthiness applications, such as in automotive industry to mainly protect occupants and cargo. For instance, during a frontal car crash, which is one of the most common impact situations, the front rails represent the main deformable components designed to dissipate the kinetic energy of the vehicle in a stable and well-controlled manner. Fig. 1 shows a front chassis rail which is connected to crash boxes. This crashworthy component can replaced after a crash, hence making repairs more affordable. Other common example of energy absorber is wave or tubular beams in a helicopter sub-floor structure (Fig. 2) .
Universiti Putra Malaysia (UPM) Figure 1 . Front chassis rail as an energy absorber shape [3] 2011 IEEE Symposium on Business, Engineering and Industrial Applications (ISBEIA), Langkawi, Malaysia 2 II. RELATED RESEARCH III. LITRATURE REVIEW There are some studies in the area of metallic tube wrapped by composite material. Amongst all the researches have been carried out on bi-material tubes, Mamalies, Manolakos, Demosthenous and Johnson in 1991 [5] were the first to study this area. They based their study on various factors like the type of material, thickness, its fabrication characteristics, and its geometry and volume ratio of metal to composites. Experimental study on hybrid tubes with different materials and geometries continued by other researchers gradually.
Song, Wan, Xie and Du [6] identified different collapse modes, and effects that contribute to the energy absorption capability, such as strain rate, composite wall thickness, fiber ply orientation, and mechanical properties of metals for hybrid tubes under static loading and impact condition. Reference [7] studied the influence of surface treatments on an aluminium alloy before bonding with a carbon/epoxy composite under quasi-static and dynamic loading. Reference [8] studied energy absorption capability of axial crush and bending collapse of aluminum/GFRP (glass fiber reinforced polymer) hybrid square tubes. Authors have done comparison between hybrid tube with those of pure aluminum and composite tubes respectively in terms of energy absorption characteristics and mean crushing load. Also failure mechanisms of the hybrid tube under the axial compressive load and the bending load were experimentally investigated. In other study has done by Babbage and Mallick [9] an experimental investigation on the static axial crush performance of aluminum-composite hybrid tubes, containing filament-wound E-glass fiber reinforced epoxy over-wrap around aluminum tubes described. The fiber orientation angle in the overwrap was either ±45° or ±75° to the tube axis. Both round and square aluminum tube cross sections were considered and some of the tubes were filled with epoxy foam. Reference [10] presented experiments and plastic mechanism analysis of steel square hollow section tubes (SHS) strengthened using externally bonded carbon fiber reinforced polymer (CFRP), deforming in an axi-symmetric (concertina) collapse mode under quasi-static large deformation axial compression. Reference [11] revealed experimental results of SHS composite steel-CFRP tubes subjected to axial impact. A number of different steel SHS geometries and two different matrix layouts of the CFRP were investigated. The dynamic results were compared with quasistatic results of composite steel-CFRP SHS and dynamic results of steel SHS and CFRP SHS.
The most important factor should be taken into account when designing an automobile is the safety of the passengers when a crush or collision of the vehicle occurs. When evaluating the crashworthiness performance of energy absorber devices, attention should be directed to the instantaneous crush behavior such as crush force efficiency (CFE), crushed strain (CS), failure modes in different stages of the crushing process and energy absorption capabilities [12] [13] .
In all previous studies no hybrid tubes made by steel and glass fiber reinforced polyester have been tested. In this study the inner metal tube is chosen carbon steel due to widely use of carbon steel in industry compare with other types of metal as well as better energy absorption properties of steel compare with aluminium. In addition we have chosen glass fiber and polyester instead of carbon fiber and epoxy due to lower price of these materials. The average price of carbon fiber and epoxy are about 2.5 and 4 times more than glass fiber and polyester respectively.
An axial quasi static test is applied on a circular cross section of steel tube wrapped by glass fiber reinforced polyester (GFRP) by using two types of fiber orientations (±45°and ±75º) and by using different number of layers (4, 6, and 8 layers), in order to obtain optimum design data for the vehicle structural parts that has the most efficient energy absorption performance. At the end comparison between optimum design and steel tube will be done.
IV. SPECIMEN FABRICATION AND TEST PROCEDURE
In this study, metallic circular thin-walled tubes, which are used mostly as the basic structural member of transportation vehicles wrapped by fiber reinforced polymer (FRP). The length of the inner metallic tube was selected to be 200mm, which is proper for collapse to appear repeatedly for several periods during the tests without causing Euler buckling. Detailed dimensions of the test specimen are summarized in Fig. 3 . The inner metallic tube was mild steel and composite made from E-glass direct roving mixed with polyester resin. Butanox M-50 was used as catalizer for hardening of resin. The weight ratio of catalizer to resin was chosen 0.01 as manufacturer's recommendation. For improving the joint strength of the hybrid tube, we first performed surface treatment on the outer surface of the steel tubes. Contamination, which might be caused by dust, an oxide layer, and oil on the steel tubes, were eliminated by cleaning with acetone to prevent from weak joint strength between steel and composite materials. Then the specimens were fabricated by using filament winding method with fiber orientation ±45° and ±75° (where the 0° direction coincides with the axis of the tube) and different number of layers (4,6 and 8). The thickness Figure 2 . Crashworthy components of a sub-floor structure [4] of composite for the layers 4,6 and 8 measured 1.5, 2.25 and 3 mm. It should be noted wrapping process didn't continue up to covering the whole surface of steel tube. Fig. 4 shows typical steel tube wrapped by composite with fiber orientation ±75° and maximum number of layers (8layers). The area which was covered with composite measured approximately. Table .1 shows this area and relation between the areas which was covered with composite to total surface of steel tube.
Specimens cured completely in room temperature (23°C) for at least 10 days using the manufacturer's recommendation. During the curing process of the composite material, the bonding process between steel and composite materials was achieved simultaneously by the excess resin, which played a role of an adhesive, extracted from the composite material [14, 15] . The static tests were performed using the universal testing machine (INSTRON) . By applying the axial compression load, all specimens were compressed up to half of their initial length. The compression test was performed at the speed of 5 mm/min, so that the test specimen could be free from the influence of strain rate. We calculated the amount of energy absorbed by the specimen through the load-displacement curves, assuming that the area of the load-displacement curve obtained from the collapse test, and used it for evaluating the crashworthiness parameters of the energy absorbed by the hybrid tubes.
V. RESULTS AND DISCUSSION
We surveyed behaviour of structure under compressive load and mechanism of failure. In addition we calculated the most important crashworthiness parameters such as specific energy absorption (SEA), maximum load (P max ), mean load (P mean ) and crush force efficiency (CFE) from the loaddisplacement curve obtained from the static test for hybrid tube.
A. Failure Modes and Load-displacement Curve Behavior
Under compression steel tube showed concertina mode of deformation (Fig. 5) . Fig. 6 illustrates typical loaddisplacement curve of a tube deforming in the concertina mode. Alternate high and low peak loads corresponding to the formation of the outward and inward parts of the folds characterize this curve. Prior to buckling, an axisymmetric deformation mode with one or two axisymmetric buckles was observed near the top and/or bottom ends of the specimens. Without change of this mode, the equilibrium curve reaches the maximum load level. At this level, and if the loading was continued, one of the buckles localized at a position that varied from test to test. The wall begins to bend outwards and the force falls sharply until the complete formation of the first fold. The force reaches its minimum, and starts to increase again. The wall near the deformed zone tends to bend inwards and another force peak appears at the moment of appearance of the internal buckling pattern. The force then decreases as the wall bends inwards. After a small internal bending of the wall, the force begins to increase again and the pattern is repeated. With wrapping composite around steel tube failure mode changed. All the specimens failed in diamond mode (Figs. 7, 8 ) except hybrid tube with fiber orientation ±75° and number of layer 8 which failed in Euler mode (Fig. 9) . For a hybrid tubes with fiber orientation ±45° delaminating and debonding away from the metal was observed during compression. This mechanism may greatly reduce SEA, because the composite layers no longer contribute to the energy absorption during the post-buckling phase. Mechanism of failure for hybrid tube with fiber orientation ±75° and number of layer 4 and 6 were mainly composite buckling, with a smaller amount of fiber fracture and local delamination. In the case of fiber orientation ±75° and number of layer 8, axial crushing performance was very different as shown in Fig. 9 . The composite wall thickness strongly prevented outside movement of steel wall and led to catastrophic failure with a very low SEA. Figs. 10, 11 show the load -displacement curves obtained from axial crush test of the hybrid tubes with fiber orientation ±45° and ±75° respectively.
It should be noted with application of composite the behaviour of load-displacement curve became more unpredictable with increasing the number of layers. 
B. Crashworthiness Parameters
The area under the load-displacement curve represents the total energy absorbed (TEA) and it can be calculated from the below equation:
(1) Where the P mean is the mean crushing load, D f is the final crushing distance and D i is the initial crushing distance. The SI units for the TEA are kJ.
The most important characteristic of energy absorbers is the specific energy absorption capacity, SEA. The specific energy absorption is defined by energy absorbed per unit mass where TEA is absorbed energy and m is the original undeformed mass. SEA = TEA / m (2) The SEA is the most common performance parameter for energy absorbing components to assess the energy absorbing capacity particularly when weight reduction is vitally important. Moreover, the specific energy absorption is usually used as indicator of weight efficiency of an energy absorber. For a given absorbed energy, a higher SEA indicates a more efficient crash absorber in terms of its weight [16, 17] .
The mean crush load, P mean for a given deformation is defined as the total energy absorbed, TEA divided by total crushing distance, D f -
The mean load is an indicator of energy absorbing capability of a structure when compared to axial displacement required to absorb the energy.
The crush force efficiency, defined by (4), is useful measure of the uniformity of the crush load. CFE = P mean / P max (4) For an ideal energy absorber, the crush force efficiency should be as close to 100% as possible. From a crashworthiness point of view, high crush force efficiency is desirable. Commonly, an energy absorber may be able to absorb a required energy, represented by the mean load, but may be impractical because the load required to initiate crush may be too high. Tables 2, 3 and 4 show crashworthiness parameters for steel tube, hybrid tubes with fiber orientation ±45° and ±75° respectively. As indicated in tables all crashworthiness parameters increased with increasing fiber orientation from ±45° to ±75°. Also it is shown with increasing number of layers for hybrid tube with angle of fiber ±45° the crashworthiness parameters will increase. This increase also observed for hybrid tube with fiber orientation ±75° up to 6 layers.
Results showed there is an optimum number of a layer for composite thickness. For fiber orientation ±75° and number of layer 8, axial crushing performance was very different. The composite wall thickness strongly prevented outside movement of steel wall and led to global buckling with a very low amount of SEA and other crashworthiness parameters.
It can be seen the best performance achieved for hybrid tube with fiber orientation ±75° and number of ply 6. A comparison is done in table 5 between crashworthiness parameters of steel tube and optimum design. VI. CONCLUSION In this work, the collapse characteristics of steel tubes wrapped by composite were examined, in order to develop optimum structural parts of the vehicle that can increase the safety of passengers during an accident. We succeeded to improve crashworthiness parameters of energy absorber structures without covering the whole surface of inner metallic tube.
The result of the static collapse test showed that the amount of crashworthiness parameters of the thin-walled tubes effected by changing the fiber orientation and the number of layers. It was shown that the structure with fiber orientation ±75° and number of layer 6 is optimum. For this fiber orientation increasing the number of layers led to catastrophic failure with low amount of energy absorption due to preventing steel tube from outside folding.
An effective trigger mechanism is necessary to initiate stable collapse since thin-wall structures in particular are prone to unstable collapse. So related to this study application of various trigger mechanisms such as bevel ends, bulge or joggled portion can be study by researchers in future works.
